Ischemia-related diseases are a leading cause of death worldwide, and promoting therapeutic angiogenesis is key for effective recovery from hypoxia-ischemia. Given the limited success of angiogenic factors, such as vascular endothelial growth factor, in clinical trials, it is important to find more promising angiogenic targets. Here, using both cell-and tissue-based assays and a mouse model of injury-induced ischemia, we investigated the involvement of the transient receptor potential canonical 5 (TRPC5) ion channel in angiogenesis and the effects of a TRPC5 activator, the Food and Drug Administrationapproved drug riluzole, on recovery from ischemic injury. We demonstrate that TRPC5 is involved in endothelial cell sprouting, angiogenesis, and blood perfusion in an oxygen-induced retinopathy model and a hind limb ischemia model. We found a potential regulatory link between nuclear factor of activated T cell isoform c3 and angiopoietin-1 that could provide the mechanistic basis for the angiogenic function of TRPC5. Importantly, treatment with riluzole, which can activate TRPC5 in endothelial cells, improved recovery from ischemia in mice. Our study reveals TRPC5 as a potential angiogenic target and suggests riluzole as a promising drug for managing ischemic diseases.
Ischemia-related diseases are a leading cause of death worldwide, and promoting therapeutic angiogenesis is key for effective recovery from hypoxia-ischemia. Given the limited success of angiogenic factors, such as vascular endothelial growth factor, in clinical trials, it is important to find more promising angiogenic targets. Here, using both cell-and tissue-based assays and a mouse model of injury-induced ischemia, we investigated the involvement of the transient receptor potential canonical 5 (TRPC5) ion channel in angiogenesis and the effects of a TRPC5 activator, the Food and Drug Administrationapproved drug riluzole, on recovery from ischemic injury. We demonstrate that TRPC5 is involved in endothelial cell sprouting, angiogenesis, and blood perfusion in an oxygen-induced retinopathy model and a hind limb ischemia model. We found a potential regulatory link between nuclear factor of activated T cell isoform c3 and angiopoietin-1 that could provide the mechanistic basis for the angiogenic function of TRPC5. Importantly, treatment with riluzole, which can activate TRPC5 in endothelial cells, improved recovery from ischemia in mice. Our study reveals TRPC5 as a potential angiogenic target and suggests riluzole as a promising drug for managing ischemic diseases.
Ischemia resulting in occlusion of blood supply and tissue hypoxia can lead to various vascular diseases. Conditions associated with tissue ischemia, such as coronary heart disease, myocardial infarction, carotid artery disease, peripheral arterial disease and ischemic stroke, are leading causes of death worldwide, with high prevalence in aging populations and high sociodemographic regions (1, 2) . Current drug therapies for ischemia-related diseases include the antiplatelet/antithrombotic drug aspirin, cholesterol-modifying statins, and blood pressure reducers such as angiotensin-converting enzyme inhibitors, angiotensin receptor blockers, and ␤ blockers (3). However, these commonly used therapies are usually unable to restore sufficient blood flow in a timely manner to fully eliminate symptoms and develop drug resistance (4 -6) . Although traditional surgical bypass treatment along with medical therapy show better efficacy than medical therapy alone, and endovascular intervention is associated with decreased periprocedural morbidity and mortality, the therapeutic effects are still limited, including high risk of restenosis, unknown durability, and so on (7) (8) (9) . Therapeutic angiogenesis to promote blood flow is therefore key when treating ischemia-related diseases (4, 5, 10) .
Angiogenesis is a multistep process involving sprouting, proliferation, migration, tube formation, branching, and anastomosis of endothelial cells (ECs) 3 that is highly regulated by three main pathways: Notch/Dll4, which regulates EC sprouting; the VEGF signaling pathway, which initiates angiogenesis; and the Angiopoietin-1/Tie2 pathway, which regulates vascular maturation and vessel remodeling (11) . Clinical trials of angiogenic therapy for ischemic diseases have involved cell-based therapy and gene therapy to deliver pro-angiogenic factors such as VEGF and fibroblast growth factor to the damaged areas (12) . However, cell therapy involved a lot of work to ensure safety and patient benefits, and to date, none of the investigated proangiogenic factors have been shown to have clinical utility (13) (14) (15) (16) (17) . Therefore, it is crucial to identify other key angiogenic factors with potential for treating ischemia-related diseases.
Intracellular Ca 2ϩ ([Ca 2ϩ ] i ), particularly that driven by Ca 2ϩ influx, in ECs is a key regulator of angiogenesis (18) . It has been reported that ECs decode VEGF-mediated Ca 2ϩ signaling to exercise different functions (19) . Orais, Piezo, and transient receptor potential (TRP) channels are expressed in ECs and modulate [Ca 2ϩ ] i , which regulates several physiological processes, including angiogenesis (18, 20 -22) . The canonical TRP family members TRPC1, TRPC3, TRPC4, and TRPC6 have all been reported to be involved in cell migration, proliferation, tube formation, and angiogenesis (23) (24) (25) (26) . However, under hypoxia-ischemia conditions, the involvement of the TRPC channel in angiogenesis is unknown. Therefore, we decided to examine whether the TRPC channel is involved in angiogenesis under conditions of hypoxia and whether it presents a suitable therapeutic option for ischemic tissue recovery. Using two mouse models of ischemia and ECs from TRPC5 knockout mice, we found that TRPC5 is involved in angiogenesis and that application of riluzole, an approved clinical drug and activator of TRPC5, can improve ischemia recovery in mice.
Results

TRPC5 plays a role in EC sprouting under hypoxia and ischemic mouse retinal angiogenesis
To examine the involvement of TRPC proteins in angiogenesis, we first evaluated their role in EC sprouting, a key step in angiogenesis (11) . Using primary mouse intestinal mesenteric vascular endothelial cells (MMECs), we examined cell sprouting under hypoxia by spheroid capillary sprouting assays. The number of sprouts was decreased upon siRNA-mediated knockdown of TRPC1, TRPC3, TRPC4, TRPC5, and TRPC6 (Figs. S1 and S2). Because the least number of sprouts was found upon knockdown of TRPC5, and less research has been done to look for the relationship between TRPC5 and angiogenesis, we decided to confirm the involvement of TRPC5 using primary MMECs from WT and TRPC5 knockout (TRPC5 Ϫ/Ϫ ) mice by spheroid capillary sprouting and tube formation assays ( Fig. 1, A and B) . Under hypoxia, both EC sprouting and tube formation were significantly inhibited in MMECs from TRPC5 Ϫ/Ϫ mice, suggesting a role for TRPC5 in angiogenesis.
To validate these in vitro observations, we investigated the angiogenic role of TRPC5 in mice using oxygen-induced retinopathy (OIR) as a model of ischemia-induced retinal neovascularization. Using TRPC5 Ϫ/Ϫ mice, the effects of TRPC5 deletion on the vascular alterations characteristic of OIR were investigated in a relative hypoxia model (27) . WT and TRPC5 Ϫ/Ϫ neonatal mice were exposed to 75% oxygen at postnatal day (PD) 7 for 5 days and then returned to 21% oxygen (room air) for another 5 days (PD12 to PD17). Hyperoxia induces rapid central vaso-obliteration, which becomes hypoxia when mice return to room air (28) . In OIR, the superficial vascular plexus has been observed to be characterized by a pronounced avascular area without morphologic signs of neovascularization at PD12, followed by neovascular tuft (NVT) formation, which is pathological neovascularization, that begins to emerge at PD15 between the central avascular area and the peripheral vascularized retina (27, 29) . Consistent with prior observations of pathological neovascularization (27) , both WT and TRPC5 Ϫ/Ϫ mouse retinas exhibited avascular areas 
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and intravitreal vascular areas without morphologic signs of neovascularization at PD12, followed by NVT formation at PD17 (Fig. 1, C and D) . In contrast to WT mouse retinas, TRPC5 Ϫ/Ϫ mouse retinas displayed increased avascular ( Fig.  1C ) and NVT ( Fig. 1D ) areas at PD17, indicating that TRPC5 deletion affects vascular recovery in the OIR model, which, in turn, suggests that endogenous TRPC5 plays a role in preventing vasculopathy exacerbation in ischemic retinas.
TRPC5 contributes to ischemic tissue recovery and angiogenesis in a model of hind limb ischemia
To substantiate a role for TRPC5 in ischemic vascularization, we used a mouse model of hind limb ischemia (HLI). Surgical ischemia was induced in WT and TRPC5 Ϫ/Ϫ mice to assess whether TRPC5 could promote vascular growth and blood flow under ischemic conditions. Laser Doppler imaging showed that although WT mice exhibited nearly complete restoration of blood flow (ϳ80%) 14 days post-HLI, TRPC5 Ϫ/Ϫ mice could only attain ϳ50% of pre-HLI perfusion ratios (Fig. 2, A and B) . Using an anti-CD31 antibody to identify ECs, we observed that the capillary density in the adductor muscles of injured limbs was significantly lower in TRPC5 Ϫ/Ϫ mice compared with WT mice (Fig. 2C ).
We next investigated whether overexpression of TRPC5 could promote blood flow restoration and promote ischemic tissue recovery in the HLI model. To this end, an adeno-associated virus (AAV) vector expressing TRPC5 was injected into the hind limbs of C57BL/6J mice 7 days prior to surgical ischemia. Saline or an AAV carrying GFP was used as a control. Higher restoration of blood flow (ϳ80% of limb perfusion ratio) was observed after AAV-TRPC5 delivery on day 14 after HLI, whereas mice in the GFP and saline groups only had ϳ60% of unpaired Mann-Whitney test. C, immunofluorescent staining for CD31 (left) and quantitation of blood vessel densities (right) in adductor muscle sections from the injured limbs of WT and TRPC5 Ϫ/Ϫ mice on day 14 after HLI. For the capillary and arteriole density assessments, the numbers of capillaries and arterioles were counted in five high-powered fields in each of the four tissue sections (per mouse) and then expressed as CD31 ϩ vessels per square millimeter. n ϭ 7 to 8. *, p Ͻ 0.05 versus WT, unpaired t test with Welch's correction. Scale bars ϭ 50 m. D, C57BL/6J mice were injected with an adeno-associated virus coding for TRPC5 (AavTRPC5) or GFP (AavGFP) or with saline 7 days before HLI surgery. Ischemic limbs are highlighted by white dashed boxes. E, limb perfusion ratios of the saline, AavGFP, and AavTRPC5 groups on days 1, 7, and 14 after HLI. The final blood flow values are presented as the ratios of ischemic to nonischemic hind limb perfusion. n ϭ 6 to 7. Day 7: *, p Ͻ 0.05 versus saline; #, p Ͻ 0.05 versus AavGFP. Day 14: *, p Ͻ 0.05 versus saline; ##, p Ͻ 0.01 versus AavGFP. Dunn's multiple comparisons test. F, immunofluorescent staining for CD31 (left panel) and quantitation of blood vessel densities (right panel) in adductor muscle sections from the injured limbs of saline-, AavGFP-, and AavTRPC5-treated mice on day 14 after HLI. n ϭ 6 to 7. ***, p Ͻ 0.001; one-way ANOVA and Dunnett's multiple comparisons test. Scale bars ϭ 50 m. A-F, representative laser Doppler images and micrographs. The values are means Ϯ S.E.
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pre-HLI limb perfusion ratios (Fig. 2, D and E) . Immunofluorescence analysis of the ischemic muscles revealed significantly higher blood vessel densities in the AAV-TRPC5 group than in the AAV-GFP or saline control groups (Fig. 2F ). These data reveal that TRPC5 promotes angiogenesis in an HLI model and might be a promising target for treating ischemia-related diseases.
Involvement of the NFATc3 and ANGPT1 pathway in TRPC5-regulated angiogenesis
To characterize the underlying mechanism of TRPC5-mediated angiogenic effects, we evaluated several angiogenesis-related factors in serum samples from TRPC5 Ϫ/Ϫ and WT mice using an angiogenesis array kit. Among the various factors, angiopoietin-1 (ANGPT1) was markedly down-regulated in TRPC5 Ϫ/Ϫ mouse serum (Fig. 3A) . We confirmed down-regulation of ANGPT1 protein expression in primary MMECs from TRPC5 Ϫ/Ϫ mice ( Fig. 3B ). Interestingly, ANGPT1 has been reported to contribute to vascular recovery in ischemia (27) . Its reported role as a potent pro-angiogenic factor that induces EC migration, tube formation, and sprouting in vitro (30) is similar to our findings of TRPC5 roles in the OIR model ( Fig. 1 ), which suggests a relationship between TRPC5 and ANGPT1 in the regulation of angiogenesis.
Because nuclear factor of activated T cell isoform c3 (NFATc3) has been identified previously as a downstream Ca 2ϩ -dependent transcription factor of TRPC5 that is translocated to the nucleus upon TRPC5-mediated [Ca 2ϩ ] i increases (31), we decided to investigate whether there was any interplay between TRPC5, ANGPT1, and NFATc3. To this end, we eval- 
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uated whether inhibition or activation of TRPC5 affected ANGPT1 and NFATc3 expression. We found that siRNAmediated knockdown of TRPC5 in primary MMECs resulted in decreased expression of ANGPT1 and nuclear NFATc3 (Fig. S3A ). By contrast, treatment of MMECs with riluzole to activate TRPC5 (32, 33) resulted in translocation of NFATc3 from the cytosol to the nucleus and increased expression of ANGPT1 ( Fig. S3B ). Next, we performed additional experiments to determine whether NFATc3 expression correlated with ANGPT1 activity. Luciferase assays revealed that ANGPT1 transcriptional activity was strongly enhanced upon transfection with an NFATc3 plasmid (Fig. 3C) . Moreover, knocking down NFATc3 by siRNA in primary MMECs (Fig. 3D ) and human microvascular endothelial cells (HMECs) (Fig. 3E ) resulted in decreased ANGPT1 expression. Additionally, knocking down NFATc3 by siRNA attenuated tube formation in MMECs (Fig. 3F) and HMECs (Fig. 3G ) with similar efficiency, as seen with siRNA-mediated knockdown of TRPC5. These results suggest the presence of a TRPC5-NFATc3-ANGPT1 signaling axis in angiogenesis.
TRPC5 activation using the approved drug riluzole promotes tissue recovery from ischemia
Because we had found that TRPC5 promotes angiogenesis under ischemic conditions, we decided to evaluate whether the TRPC5 activator riluzole, a Food and Drug Administration (FDA)-approved drug for ALS, can be repurposed for treating ischemia (32, 34) . The effect of riluzole on TRPC5 was verified by Fluo-4 -based Ca 2ϩ imaging experiments and whole-cell patch clamping. As expected, riluzole induced strong Ca 2ϩ signals in MMECs from WT but not TRPC5 Ϫ/Ϫ mice (Fig. 4A ). This effect was independent of the filling state of the intracellular Ca 2ϩ stores because these were depleted with thapsigargin before riluzole delivery. Whole-cell patch clamp measurements also confirmed the successful activation of TRPC5 channels by riluzole in MMECs (Fig. 4B) .
To test whether riluzole can enhance EC sprouting, we assayed spheroid capillary sprouting and angiogenic sprouting in MMECs treated with riluzole compared with treatment with clemizole, a TRPC5 inhibitor (34) . As expected, riluzole enhanced EC sprouting (Fig. 4, C and D) , whereas the TRPC5 inhibitor clemizole abolished EC sprouting (Fig. 4, C and D) . These results demonstrate that the approved drug riluzole is an effective TRPC5 activator that can promote EC sprouting in vitro.
To investigate whether riluzole can promote recovery from ischemia, we used the mouse HLI model. Laser Doppler imaging showed that restoration of blood perfusion in the hind limbs of mice treated with riluzole was improved compared with control mice (Fig. 4E ). We also confirmed the specificity of riluzole's effect on activating TRPC5 in the mouse HLI model. Under treatment with riluzole, the restoration of hind limb blood perfusion of TRPC5 Ϫ/Ϫ mice was still slower compared with WT mice (Fig. S4 ), which means that riluzole targets TRPC5 to show its effect in ischemic injury. Moreover, we found significantly higher blood vessel densities in the adductor muscles of riluzole-treated mice (Fig. 4F) . These results demonstrated that activating TRPC5 with the approved drug riluzole promotes ischemic tissue recovery. In conclusion, we have demonstrated that TRPC5 plays a role in angiogenesis that may involve the NFATc3-ANGPT1 pathway and that the TRPC5 activator riluzole may be a therapeutic candidate to promote ischemic tissue recovery (Fig. 4G ).
Discussion
Ca 2ϩ -permeable ion channels such as TRPC have been reported to play a vital role in EC functions and angiogenesis by regulating Ca 2ϩ entry. However, no reports exist on whether TRPC channels can regulate angiogenesis in response to ischemic injury. In this study, we investigated whether TRPC channels are involved in hypoxia-related EC function and in ischemic tissue recovery by regulating angiogenesis. Our findings provide evidence that TRPC5 is involved in hypoxia-induced EC action and angiogenesis.
Both in vitro and in vivo experiments in this study showed that TRPC5 is an important regulator of EC function and angiogenic growth. TRPC5 knockout delayed vascular recovery in ischemic mouse retinas, as evidenced by increased avascular and NVT areas. Moreover, TRPC5 contributed to ischemiainduced adaptive pathophysiological angiogenesis and restored blood flow, promoting ischemic tissue recovery in a hind limb ischemia model. The regulation of angiogenesis by TRPC5 may be related to the downstream event of NFATc3 translocation from the cytosol to the nucleus, resulting in enhanced ANGPT1 expression, which, in turn, may promote angiogenesis. Riluzole, an FDA-approved drug and activator of TRPC5, improved ischemic tissue recovery in our model of HLI. Together, these results demonstrate a key role of TRPC5 in EC sprouting and angiogenesis under ischemic conditions. Moreover, activating TRPC5 by riluzole treatment is a promising option for treating ischemic injury.
Effective treatment options for ischemia-hypoxia-related diseases are limited. Although targeting angiogenic factors, such as VEGF, is an attractive strategy, and VEGF has shown optimistic results in the laboratory, clinical trial results of angiogenic cytokines for ischemic disease therapy are controversial and inconclusive (5, 10, 14, 15, 35, 36) . In one study, adVEGF121 was delivered intramuscularly to the lower legs of patients with peripheral arterial disease. However, the primary and secondary endpoints were similar among the groups (16) . The long-term results of VEGF gene transfer have also been suboptimal, as no significant differences in the cause of death or number of treated leg amputations were seen (17) .The identification of additional treatment strategies is therefore urgent and important. Here we showed that the TRPC5 activator riluzole has promising effects in promoting angiogenesis in ischemic tissues of HLI mice. Our study showed that riluzole, an FDA-approved oral drug that is commonly used to treat ALS, can activate TRPC5 and trigger TRPC5-mediated Ca 2ϩ influx in ECs. Riluzole promoted EC sprouting in vitro, whereas the TRPC5 inhibitor clemizole suppressed EC sprouting. Furthermore, we used a mouse HLI model to show that riluzole can effectively promote ischemic tissue recovery, revealing its potential therapeutic value. Riluzole is well-tolerated for long periods (37) , and its repurposing for ischemic disease treatment shows great promise given the abbreviated drug development time and cost for FDA-approved drugs.
TRPC5 promotes ischemic tissue recovery
The underlying mechanisms behind TRPC5-mediated regulation in ischemia are likely to involve responses to hypoxia. It remains unknown whether TRPC5 is an oxygen-sensing channel that can respond to the low oxygen levels associated with ischemic injury. TRP channels have been studied as sensors and transducers of molecular O 2 signal (38) . Recent studies have demonstrated that hypoxia and O 2 glucose deprivation can activate TRPC6 and TRPM7, respectively (38) . TRPA1 can sense hyperoxia and mild hypoxia in vagal and sensory neurons (38) . TRPC5 was also found to be activated by multiple other chemical factors (39). It has been demonstrated that NO and H 2 O 2 can directly activate the TRPC5 channel by modification of cysteine residues, causing robust Ca 2ϩ influx (40) . Reduced thioredoxin activates TRPC5 by breaking its SS bond Cys 553 -Cys 558 in the putative extracellular loop near the pore region (39). In endothelial cells, TRPC5 is important for the Ca 2ϩ influx activated by endothelial nitric oxide synthase (eNOS) produced NO via receptor-ATP stimulation (39). However, whether TRPC5 is oxygen-sensing and involved in acute or chronic hypoxia response of endothelial cells remains unknown. Additionally, it is possible that TRPC5 develops heteromers with other TRPCs to regulate angiogenesis under 
ischemia. Assembly of TRPC homologs into heteromers can generate various channels (41) . TRPC5 has been reported to assembled with TRPC1 and TRPC4 into heteromultimers in the mouse brain to regulate spatial working memory (42) . Although TRPC5 may not form heteromultimers with TRPC6, the TRPC6 -TRPC5 channel cascade has been found to regulate EC movement (43) . Further studies are needed to test whether TRPC5 can form heteromultimers to regulate angiogenesis. Moreover, clinical studies are needed to validate the beneficial effect of riluzole in patients with ischemia-related diseases. As an FDA-approved drug, the new proposed use for riluzole in ischemia extends its clinical and translational value. Further studies are needed to identify the specific indications, safety, and efficacy for its use for conditions such as ischemic cardiovascular disease.
In conclusion, we present the first evidence that TRPC5 improves angiogenesis under hypoxia-ischemia. The FDAapproved drug riluzole promoted ischemic tissue recovery by activating TRPC5. These effects may be related to the TRPC5-NFATc3-ANGPT1 signaling pathway. Our study reveals TRPC5 as a new target and its activator riluzole as a promising drug for the clinical treatment of ischemia-related diseases.
Experimental procedures
Study design
The aims of our study were to investigate whether TRPC5 is involved in angiogenesis under ischemia-hypoxia conditions and to study the potential of the TRPC5 activator riluzole for treating ischemia-related diseases. For the first objective, we used TRPC5 Ϫ/Ϫ and WT mice to analyze the effects of TRPC5 on EC sprouting and vascular recovery in ischemia models. For the second objective, we treated primary ECs and an HLI mouse model with riluzole and analyzed the effects on in vitro EC sprouting and in vivo ischemia tissue recovery. The underlying mechanisms were investigated with isolated primary ECs. The investigators who performed the genotyping were blind to the mouse genotypes. All experimental data from the TRPC5 transgenic mice were compared with those from the littermate controls. In the OIR experiments, the body weights of all mice were measured, and the outliers that were at least two standard deviations away from the mean body weight of their littermates were excluded to ensure that mice with similar body weights were compared.
Mice
TRPC5 Ϫ/Ϫ and WT mice were a kind gift from Prof. David E. Clapham (Harvard Medical School, USA). Age-and sexmatched TRPC5 Ϫ/Ϫ and WT littermates were selected by an established PCR genotyping method ( Fig. S5 ) and used for this study (44) . C57BL/6J mice were purchased from the Shanghai Laboratory Animal Center, Chinese Academy of Sciences (Shanghai, China). All mice were housed under air-filtered and pathogen-free conditions. All animal experiments were approved by the Animal Experimentation Ethics Committee of Jiangnan University and performed in compliance with the Guide for the Care and Use of Laboratory Animals (National Institutes of Health publication, 8th edition, updated 2011).
Cell cultures and transfection
Cells were obtained from the American Type Culture Collection. HEK293 cells were cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum, 100 g/ml penicillin, and 100 g/ml streptomycin. HMECs and primary MMECs were cultured in endothelial cell growth medium (EGM) (Lonza, Basel, Switzerland). MMECs were isolated and cultured in EGM for 3-5 days. Primary MMECs without passage were used for the experiments.
Cells were transfected using Lipofectamine 2000 transfection reagent according to the manufacturer's instructions (Invitrogen). The siRNA sequences (GenePharma, Shanghai, China) were as follows (sense strand): siTRPC5-1, CCAAUG-GACUGAACCAGCUUUACUU; siTRPC5-2, GGAGCUACC-AUGUUUGGAATT; siNFATc3-1, CUGCCAUACUACCAG-GAAATT; siNFATc3-2, CCGCAAUUCAGAUAUAGAATT; siNFATc3-3, CCGCAAUUCAGAUAUAGAATT; siTRPC1, CAGCCAGAUUCCUAGCUUU; siTRPC3, GGAAGAACUG-CUCUCCUCAUUGCAA; siTRPC4, TCGAGGACCAGCAT-ACATG; siTRPC6, TCGAGGACCAGCATACATG.
Spheroid capillary sprouting assay
Spheroid capillary sprouting assays were performed as described previously (45) . Briefly, cells were suspended in EGM (CC-3162, Lonza) containing 0.25% (w/v) methylcellulose and seeded in nonadherent round-bottomed 96-well plates (3474, Corning, Kennebunk, ME). To establish hypoxic conditions, the cells were incubated with 1% O 2 , 94% N 2 , and 5% CO 2 at 37°C in a humidified multigas incubator (4031, Thermo). Spheroids were allowed to form for 24 h under hypoxia and embedded into collagen gels to form sprouts under hypoxia. Sprout formation was examined 24 h after embedding with a video camera (Nikon Coolpix 54, Tokyo, Japan). The number of sprouts was determined for each spheroid. When indicated, the cells were transfected with siRNA for 48 h before seeding to form spheroids or treated with riluzole (50 M) and clemizole (10 M) during sprout formation.
Angiogenic sprouting assay
Angiogenic sprouting assays were performed as described in a previous report (46) . Briefly, 5 ϫ 10 5 mouse primary mesenteric endothelial cells were suspended in 25 l of EGM and mixed at a 1:1 ratio with basement membrane matrix (354234, BD Biosciences). Next, 50-l aliquots were spotted onto 4-well plates (Nunc, Roskilde, Denmark) and incubated at 37°C for 30 min. When the basement membrane matrix had hardened, 2 ml of EGM was added to each well and incubated for 12 h. Then a second layer of Matrigel diluted 1:1 with EGM was superimposed on the primary spots to create duplex cultures; these samples were then incubated for 24 h. Riluzole (50 M) or clemizole (10 M) was added to the second layer of Matrigel. Images were captured with a video camera (Nikon Coolpix 54, Tokyo, Japan). The number of sprouts was determined for each spot.
[Ca 2؉ ] i measurement
Endothelial cells were seeded on coverslips 12 h before measurement. The medium was removed, and the cells were TRPC5 promotes ischemic tissue recovery washed once with PBS. The cells were then incubated in the dark with 10 M Fluo-4 (Invitrogen) and 0.02% Pluronic F-127 in normal physiological saline solution buffer at 37°C for 30 min. The coverslips were rinsed with normal physiological saline solution and transferred to a bath chamber. In addition, the cells were pretreated with thapsigargin (2 M) to deplete the inositol trisphosphate (InsP 3 )-sensitive Ca 2ϩ stores. Riluzole (50 M) was used to activate TRPC5. Fluorescence intensity and signal relative to the starting signal (F1/F0 ratio) were measured using a confocal microscope (TCS SP8, Leica, Wetzlar, Germany).
Tube formation assay
Growth factor-reduced Matrigel was thawed at 4°C overnight. Tips and 24-well plates were precooled at 4°C for 2 h before the experiments. Twenty-four-well plates coated with 250 l of Matrigel (354234, BD Biosciences) were incubated at 37°C for 30 min until the Matrigel solidified. ECs (8 ϫ 10 4 ) were then added to the plate and incubated at 37°C for 6 h. To establish hypoxic conditions, the cells were incubated in 1% O 2 , 94% N 2 , and 5% CO 2 at 37°C in a humidified multigas incubator (4031, Thermo). Tubular network images were captured with a video camera (Coolpix 54, Nikon, Tokyo, Japan) mounted on a microscope. Tube formation was quantified as the number of tubular structures in five randomly selected microscopic fields.
Hind limb ischemia model
Mice underwent unilateral femoral artery ligation (47) . Briefly, following anesthesia with chloral hydrate (5%, 0.08 ml/10 g), the left femoral artery was exposed under a dissecting microscope. The proximal femoral artery and the distal portion of the saphenous artery were ligated, and an arteriectomy was performed. Blood flow was measured using a laser Doppler imaging system (Moor Instruments, Devon, UK). On day 14, the mice were sacrificed, and the adductor muscles were harvested to prepare frozen sections for immunofluorescence.
When indicated, an AAV carrying the gene of interest was injected at two sites in the adductor muscle and two sites in the gastrocnemius muscle 7 days before surgery (total AAV dose, 5 ϫ 10 10 pfu in 40 l). Mice that received riluzole were administered the drug at 10 mg/kg/day intragastrically for 14 days after surgery.
OIR and postnatal analysis of retinal angiogenesis
The OIR mouse model was generated as indicated in a previous report (27) . Briefly, mice on PD7 and their nursing mothers were exposed to 75% oxygen in a hyperoxic chamber (YCP-160D, Huaxi Electronic Technology, Changsha, China) for 5 days and then returned to room air for 5 days. Mouse retinal dissection and vascular analyses were performed according to a study by Pitulescu et al. (48) . Briefly, the eyes were fixed in 4% paraformaldehyde (Sigma-Aldrich) and dissected under a microscope. After dissection, the retinas were stained with isolectin B4 (1:25) overnight at 4°C. The samples were then analyzed under a Leica confocal microscope. Because the body weight of the pups is important for interpreting the retina phenotype and because growth retardation is reflected in vascular developmental delays, only pups with similar weights were used for the analyses.
Immunofluorescence analysis
Briefly, frozen sections were fixed in 4% paraformaldehyde (Sigma-Aldrich, St. Louis, MO) for 30 min. The samples were washed with PBS buffer and then blocked for 30 min with 5% BSA in PBS. The samples were incubated overnight with primary antibodies at 4°C. A CD31 antibody (ab9498, Abcam, 1:50) was used for microvascular staining. Then the samples were incubated with secondary antibodies (ab175473, Abcam, 1:500) at room temperature for 2 h. 4Ј,6-Diamidino-2-phenylindole (1:1000 in PBS, 15 min at room temperature) was used for nuclear staining. Images were captured under a confocal microscope (Leica TCS SP8). For the microvessel density assessments, the vessel numbers were counted in five random fields in each of the four tissue sections (per mouse) and expressed as CD31 ϩ vessels per square millimeter.
Western blotting
Cells were lysed in radioimmune precipitation assay lysis buffer supplemented with fresh protease inhibitors (Roche). The protein concentrations were measured using a bicinchoninic acid protein assay kit (P0010, Beyotime, Shanghai, China). The proteins were then separated on an SDS-PAGE gel and transferred onto a polyvinylidene difluoride membrane. The membrane with transferred proteins was incubated overnight at 4°C with primary antibodies (1:1000) in TBS with Tween 20 (TBST) buffer containing 5% fat-free milk. The following antibodies were used: anti-TRPC5 (ACC-020, Alomone), anti-angiopoietin 1 (ab183701, Abcam), anti-␤-actin (ab8227, Abcam), and anti-NFATc3 (sc-8405, Santa Cruz Biotechnology). Then the membrane was incubated with a horseradish peroxidase-conjugated secondary antibody (1:1000) at room temperature for 2 h. Secondary fluorescently labeled antibodies were from Abcam. The blots were developed using an ECL substrate (P0018, Beyotime) and imaged using a Chemi-Doc XRSϩ system (Bio-Rad).
Mouse angiogenesis antibody array and mouse angiopoietin-1 ELISA analysis
Serum samples from WT and TRPC5 Ϫ/Ϫ mice were used for an angiogenesis antibody array analysis with a commercial kit (ARY015, R&D Systems, Minneapolis, MN) according to the manufacturer's instructions. Serum samples from mice 3 days after hind limb ischemia surgery or sham operation were used for angiopoietin-1 detection using a commercial ELISA kit (CSB-E07302m, Cusabio, Shanghai, China) according to the manufacturer's instructions.
Luciferase reporter assay
HEK293T cells were co-transfected with 0.2 g of reporter plasmid (ANGPT1), 0.2 g of expression plasmid (NFATc3), and 0.04 g of pRL-CMV using Lipofectamine 2000 reagent (Invitrogen). After 48 h, the cells were harvested, and luciferase activity was measured with a Dual-Luciferase reporter assay system (Promega, Madison, WI) in which the Renilla luciferase activity of pRL-CMV served as a control.
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Whole-cell patch clamp analysis
Whole-cell patch clamping was conducted using an EPC10 patch clamp amplifier (HEKA, Holliston, MA) as described previously (49) . The pipette solution contained 130 mM cesium aspartate, 2 mM MgCl 2 , 5 mM Na 2 ATP, 5.9 mM CaCl 2 , 10 mM EGTA, and 10 mM HEPES (pH 7.2) with CsOH. The bath solution contained 65 mM sodium aspartate, 5 mM KCl, 1 mM CaCl 2 , 1 mM MgCl 2 , 10 mM HEPES, and 10 mM glucose (pH 7.4) with NaOH. The TRPC5 current-voltage relationships of primary mesenteric endothelial cells were obtained using a 500-ms ramp protocol from Ϫ100 mV to ϩ100 mV from a holding potential of Ϫ60 mV. The cells were treated with 50 M riluzole or DMSO as a control in the bath solution.
Quantitative real time-PCR analysis
Total RNA was extracted with TRIzol according to the manufacturer's instructions (Invitrogen). RNA was dissolved in diethylpyrocarbonate-treated water. Samples of 1 g of DNasetreated RNA were reverse-transcribed using the PrimeScript RT Reagent Kit (Takara, RR047A). The sequences of primers used to amplify the cDNA are listed in Table S1 . Quantitative PCR was performed using SYBR Green mixture (Takara, RR890A) with cycling conditions of 95°C for 30 s, followed by 40 cycles of 95°C for 5 s and 60°C for 30 s by real-time PCR cycler (Light Cycler 480 II, Roche).
Statistical analyses
All data are presented as the means Ϯ S.E. Statistical analyses were performed using GraphPad Prism 6.0 software. For data passing normality and equal variance tests, comparisons between two groups were measured by Student's unpaired twotailed t test, and differences among three or more groups were examined by one-way analysis of variance (ANOVA) followed by Dunnett's multiple comparisons test or Tukey's multiple comparisons test. Appropriate nonparametric tests were performed when either test failed. p Ͻ 0.05 was considered significantly different. 
